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I. INTRODUCTION 
This work is part of an on-going project to study 
the properties of nuclei available from the TRISTiN 
on-line isotope separator facility. These nuclei 
include the noble-gas fission products of uranium 
(neutron-rich krypton and xenon) and their decay 
products. 
Level schemes for most of these nuclei have been 
derived from previous work at TRISTAN. Conspicuously 
absent in the program thus far has been the availability 
of information concerning the levels in these schemes, 
such as angular correlation measurements of the gamma 
cascades in these nuclei to determine some of the spins 
of the levels. A multi-detector angular correlation 
apparatus has been constructed for this purpose. 
A muiti-detector system is a natural choice for 
angular correlation measurements of these nuclei rather 
than a two-detector system because many activities from 
TRISTAN are weak by angular-correlation standards or are 
short lived, in addition to the obvious advantage of more 
rapid data accumulation, the multi-detector system also 
has the advantage that it collects data at all of its 
angles at the same time. Thus, variations of source 
strength with time present no particular problem to it. 
The disadvantages of a multi-detector system arise mainly 
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from its complexity. Logic circuitry is required to 
determine which pair of detectors participated in the 
given event. Attributing some of the events to the wrong 
pair of detectors is a characteristic problem of such 
circuitry. Each detector and its associated electronics 
brings its own peculiarities into the system. Such 
peculiarities as varying detector efficiencies, 
discriminators triggering on noise, and different 
treatment of the detector signals by the logic circuitry 
can give rise to false correlations in ways that present 
no problem to a two-detector system. 
Since the first report on the multi-detector system 
intended for this work in 1969 (1), the apparatus has 
undergone extensive modification to lessen its 
susceptibility to such problems. The system is now ready 
for use as a research tool. Several other multi-detector 
systems have been constructed (2-5). Most of these are 
all-Kal (Tl) systems, and none of them are intended for 
use with an isotope separator. 
The angular correlation apparatus is a 
seven-detector system that includes a 16K multichannel 
analyzer. An energy window may be set for one gamma-ray 
transition, and angular correlation data may be collected 
on all gamma-ray transitions coincident uith it. The 
system has two modes of operation; one with seven 
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Nal(Tl) detectors, and the other six Nal (Tl) detectors 
and one Ge(Li) detector. The latter mode was used for 
the present work. In that mode, high resolution spectra 
of the gamma rays in coincidence with the gating gamma 
ray may be collected. In the late stages of this work 
the system was adapted so that angular correlation data 
on all transitions in all cascades in a source could be 
recorded on a buffer tape. The tape is later analyzed 
and the data are sorted according to the arbitrary energy 
gates. 
Along with a detailed description of the 
seven-detector apparatus and its associated electronics, 
this thesis contains the first report of original angular 
correlation measurements on TRISTAN-produced activities. 
In this work, angular correlation measurements were made 
on gamma cascades in i^sBa and i+zce. Angular 
correlation measurements have been made for transitions 
in itzce by Prestwich aud Kennett (6) with two Kal(Tl) 
detectors. The present work should offer some 
improvement since several of the cascades in Reference 6 
involve unresolved multiplets as one of the transitions. 
An angular correlation experiment on the 1010-1436 
cascade in i3®Ba, in which measurements at 90°, 140°, and 
180° were made, is reported in Reference 7, and uas 
performed solely to determine the spin of the 2445-keV 
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state. Neither the angular correlation coefficients nor 
the mixing ratio for this cascade were reported. 
In the present configuration, the angular 
correlation apparatus is capable of off-line use only. 
It is planned that the system shall be adapted for 
on-line use in the near future, in order to extend the 
angular correlation measurements to short-lived 
activities. 
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II. THEORETICAL FOUNDATION 
The analytical expressions used to interpret 
experiments discussed in this report will be outlined in 
this chapter. No attempt will be made to derive these 
relations here since they are treated thoroughly in the 
literature; derivations are found in Reference 8. 
The purpose of angular correlation experiments is to 
provide information concerning spins of states and 
multipolarities of transitions within the nuclei studied. 
The angular correlation function, W(8), is the 
probability that two gamma rays emitted by the same 
nucleus will be separated by an angle 9. W{0) may be 
written in the form 
W(e)=AQ(l+ Z A P (cose)) (1) 
n even 
where P^ is the Legendre polynomial of order n and A^ is 
an arbitrary normalization constant. 
For the nuclei studied in this work, the summation 
in Expression 1 does not extend beyond n=4. This is 
because only El, HI, E2, and mixed M1-E2 transitions were 
considered in interpreting the results. Higher order 
transitions are typically of such low probability that 
they are not expected to be observed with sufficient 
intensity for angular correlation work. As shown below, 
A^=0 for n greater than twice the multipolarity of either 
cascade transition. 
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In order to explain the relationship between the 
A^'s in Expression 1 and the spins of the states and 
fflultipolarities of the transitions, it is convenient to 
define the function 
F^(LL'I'I) = (-1)I'+I"1/(2L+1) (iL'+l) (il+1) (2n+l) X 
<î S) (2) 
The factor with the curly brackets is a 6-j symbol, which 
is zero if n is greater than L+L* or 21. The factor 
preceding the 6-j symbol (with the large parentheses) is 
a 3-j symbol, which is zero if n is greater than L+L'. 
In the discussion to follow three classes of 
transitions shall be considered: pure transitions with 
one intermediate state, mixed transitions, and cascades 
with two intermediate states. These classes will be 
generalized to include all of the types of cascades 
encountered in this report. 
A. Pure Transitions with One Intermediate state 
Consider the situation illustrated in Figure 1 (a) . 
The cascade to be analyzed consists of a decay from the 
initial state, spin I,; through the intermediate state, 
spin I; to the final state, spin l^. The first 
transition is of pure multipolarity L^, and the second 
transition is of pure multipolarity L^. It is not 
I. 
If 
' Ï 
L| 
'•-2 
IV1I + E2 
Lg 
( a )  ( b )  
I: 
^0 
If 
L| 
1 2^ 
L3 
( c )  
Figure The three classes of cascades discussed in the text, 
transitions with one intermediate state, (b) mired 
(c) cascades with t'jro intermediate states 
(a) pure 
transitions. 
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important how the initial state was populated; 
similarly, it is not necessary to consider any other 
transitions to or from any of the three states. For this 
case, 
A^, then, is the product of two factors, the first 
depending only on the first transition and the second 
depending only on the second transition. Since one of 
the F's is zero for n greater than 2L^ or 2Ly, and since 
we are not considering multipolarities greater than 2, 
is zero for n greater than 4. 
B. Mixed Transitions 
Next, consider the situation illustrated in 
Figure 1 (b). The first transition is mixed (M1-E2), and 
the second is of pure multipolarity L^. For this case 
F^(L^I^I^I) in Expression 3 is replaced by a^ (121^1). 
This a is a linear combination of F*s weighted by the 
n n 
mixing ratio g, the ratio of the reduced matrix elements 
for the S2 and Ml contributions: 
6 = < I | ! E 2 | | I ^ > / < I | ( 4 )  
The reduced matrix elements are chosen to be real, and 
thus the mixing ratio is real. 
Since a transition probability is proportional to 
the square of the matrix element, 6^ is the ratio of the 
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intensity of the E2 contribution to that of the Ml 
contribution. Therefore, 
. 6^ 
1+5 
%E2=_^(x100%) (5) 
and 
*H1=_^(x10055) . (6) 
In Table 1, the 161 values corresponding to different 
values of %E2 are presented for future reference. 
In terms of the mixing ratio, then, 
1+6 2 
If n is greater than 4 or 21, all three of the F's in 
Expression 7 are zero, and so is Note also that 
t 2 
(121^1) =T^F^ (221^1) = (fraction E2) xF^ (221^1) . (8) 
If the second transition is mixed, then F (L.L.Irl) 
n 2 2 f ' 
in Expression 3 is replaced by a^ (121^1). Expressions 4 
through 8 hold for this case with I^ replaced by 1^. 
A graph of vs. with variation of the mixing 
ratio of one of the transitions (with I, I^, and 
fixed) is an ellipse. Examples of such graphs are shown 
in Figure 2 for I^ (H1,E2) 2 (E2) 0 with I.. = 1, 2, and 3. The 
symbols along each ellipse represent increments of 10% E2 
mixing. (A^=0 for 0% E2* of course.) If one of the 
transitions is pure or if the mixing ratio of one 
transition is known and if at least two of the spins are 
known, then the measured value of (A2,A^) may be plotted 
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Table 1. Absolute value of mixing ratio for various 
multipole mixings 
%E2 Mixing Ratio 
0 o
 
o
 
5 0 .23  
10  0 .33  
20  0 .50  
30  0 .65  
40 0 .82  
50  1 .00  
60 1 .  22  
70 1 .53  
80 2 .00  
90 3 .00  
95  4 .36  
100 CO 
'4 
d.'Ç' 2 -2-0 
m. 
3-2-0 
-0.3 
-0.6-
0.3 0.6 
Figure 2. Examples of graphs of the angular correlation coefficients with 
variation in the mixing ratio. The 1-2-0, 2-2-0, and 3-2-0 curves 
are shown 
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on a graph similar to Figure 2 to determine the unknown 
mixing ratio and spin. Mixing ratios for both cascade 
transitions cannot, in general, be determined by one 
angular correlation measurement. 
C. Two Intermediate States 
Consider, no*, the situation illustrated in 
Figure 1 (c). The cascade consists of a decay from the 
initial state, spin I^; through the first intermediate 
state, spin I ; through the second intermediate state, 
spin to the final state, spin 1^. Let be the 
multipolarity of the first transition, L2 of the second 
transition, and of the third transition. 
Assume that the angular correlation is determined 
experimentally between the first and third transitions 
with the second transition unobserved. This type of 
correlation is called a gamma-skip-gamma correlation and 
is described by Expression 1 with 
where 
= /(21^+1) (21^+1) | * (10) 
Because of the 6-j symbol in Expression 10, is zero if 
n is greater than 21^ or 21^^ 
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If either the first or third transition is mixed, 
then the appropriate in Expression 9 must be replaced 
by an a^ from Expression 7. If the second transition is 
mixed, then the right-hand side of Expression 10 is 
summed over the values of L2 with the terms in the sum 
weighted ty the relative intensities of the multiple 
contributions. 
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III. EQUIPMENT 
A. The TRISTAN Isotope Separator 
The activities studied in this work were obtained 
from the TRISTAN on-line isotope separator. This system 
has been amply described elsewhere (9,10), so only a 
short outline will be given here. 
A layout of the TRISTAN system as it was used for 
this study is shown in Figure 3. The system consists of 
a mass separator connected to a chamber located in an 
external neutron beam of the Ames Laboratory Research 
Reactor. This chamber contains about a gram of uranium 
in the form of uranyl stearate. The stearate is spread 
out over a number of inclined shelves inside the chamber 
to increase its exposed surface. The neutron flux (about 
3xins thermal neutrons per per second) incident on 
the chamber causes fission of the uranium. The noble gas 
fission products diffuse out of the stearate and through 
the transport line that connects the chamber to the ion 
source of the isotope separator. The other fission 
products are trapped in the stearate and on the inner 
surfaces of the target chamber and the transport line. 
A small amount of gas is allowed to pass through the 
target chamber and through the ion source to enhance the 
diffusion of the fission products. The gas used is a 
mixture of helium with small amounts of natural krypton 
HEAVY CONCRETE SHIELDING 
PARAFFIN U 
SHIELDING' 
SAMPLE--
BEAM TUBE -
FISSION PRODUCT: 
TRANSPORT LINE 
REACTOR 
PEDESTAL 
ION SOURCE 
1 ACCELERAT ION TANK & 
'ELECTROSTATIC LENSES 
/- 90° SECTOR MAGNET 
HIGH VOLTAGE 
CAGE 
LEAD SHIELDING WALLS 
^^^^EXTENSION TANK 
COLLECTOR BOX \ 
DEFLECTION PLATES— 
SWITCH MAGNET-
JFOCAL PLANE 
LA SLIT 
X-RAY I 
MOVING TAPEr-y 
COLLECTOR i/ 
TTv^ (3- RAY SPECTROMETER 
ArjD MOVING TAPE COLLECTOR 
DEPOSIT 
CHAMBER 
FOR A=I42 
FOR A=138 
Figure 3. Layout of the TRISTAN isotope separator. The issBa experi.aent was 
performed on the 0° port and the i+^ce experiment was performed on 
the 22.5° port 
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and xenon. Ions produced in the ion source are 
accelerated to about 50 kV, passed through the 90° sector 
bending magnet, and thus separated by mass. The magnetic 
field is adjusted so that the desired mass beam passes 
through a slit in the focal plane of the separator, and 
the other beams are stopped at either side of the slit in 
the collector box. The desired beam then passes through 
the switch magnet, the purpose of which is to direct it 
through the appropriate port to reach the deposit 
chamber. In the is^Ba experiment, the deposit chamber 
was located at the straight-through (0°) port. In the 
i42Ce experiment it was located at the 22.5® port next to 
the moving tape collector. 
B. The Deposit Chamber and the Sample Holder 
The mass-separated beam from the switch magnet was 
stopped in the aluminum side of a strip of Cabeltape, a 
commercially available product normally used for wrapping 
cables to produce a conducting shield around them. The 
tape consists of two layers, a 1-mil thick layer of Mylar 
bonded to a 0.3-mil thick layer of aluminum. A strip of 
this tape of approximately 65 mm length and 6 mm width 
was mounted in a frame shown in Figure ii. The frame and 
the strip of Cabeltape together compose the sample hold* -
which was used to transfer a sample from the deposit 
Figure 4. The sample holder. The darkened area 
represents the source 
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chamber, where the radioactive source was collected, to 
the counting chamber, where the angular correlation 
measurement was performed. The sample holder and the 
deposit chamber were designed to provide a centered line 
source when the sample holder was placed in the counting 
chamLer. The frame is made of aluminum, and it was 
designed to minimize the amount of material close to the 
source in order to reduce the likelihood of scattering. 
For source deposit, the sample holder was mounted in 
the deposit chamber as shown in Figures 5 and 6. The 
stock of the sample holder was inserted into a closely 
fitting (clearance of about 0.001 in) hole in an 
insulated pedestal, which fixed the position or the 
sample holder. A pin in the stock of the sample holder 
that went into a similarly closely fitting slot in the 
pedestal prevented rotation of the holder around its 
axis. The deposit chamber was constructed so that only 
part of the beam passed through a rectangular aperture 
defined by a vertical slit and a horizontal slit and was 
collected on the sample holder= (See Figures 5 and 6.) 
The widths of these slits could be adjusted to deposit a 
source of chosen dimensions. The horizontal slit was 
provided with a mechanical drive and a vacuum 
feed-through so that its width could be varied from the 
outside while the beam was being deposited. The sources 
19 
jr'!:'2a2»»»*»aK5i33sn 
* . 
•sawx 
.-.,^ ,^ 1^ 59 
mm 
ISRSRrr 
V EgJSBa-. ! 
Figure 5. Deposit chamber: without sample holder 
Figure 6. Deposit chamber: sample holder in place 
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collected for this work had dimensions of about 25 mm by 
from 2 mm to 4 mm. The source is represented by the 
darkened area on the strip of Cabeltape in Figure 4. 
This area was darkened by depositing an intense (>1  uA)  
beam of stable i3*Xe on the sample holder. 
The source holder is electrically insulated from the 
(grounded) walls of the chamber, and a current pickoff is 
provided so the beam current can be monitored. This 
pickoff consists of the alligator clip shown and the BNC 
feed-through at the top right of the chamber. Pickoffs 
were also provided so the beam current on each of the 
four plates defining the slits could be monitored. The 
four BNC feed-throughs at the bottom of the chamber 
correspond to these pickoffs. During the experiments 
described here, these four pickoffs were grounded through 
the terminators shown. 
C. The Angular Correlation Apparatus 
1. The counting chamber 
The counting chamber is shown in Figures 7 and 8. 
It was originally designed to be connected on-line to the 
TRISTAN system. It is a vacuum-tight aluminum chamber 
with a bottom flange that is large enough to allow the 
Nal(Tl) detectors to be secured to it. It was intended 
that the top, which was not used in this work, should 
mm 
A : . ? /  » \ -  '  »  isrmmm»^  aaAv%%«•• 
Figure 7. Counting chamber as seen from above 
Figure 8. Sample holder in counting chamber 
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accommodate a moving tape collector that would hold a 
reel of Cabeltape and allow the sample to be deposited at 
one point on the tape. The tape would then be moved as 
desired to remove the spent source and allow a new sample 
to be deposited at a fresh point on the tape. \ port was 
provided between detectors 1 and 7 to allow the chamber 
to be connected to the TRISTAN isotope separator in such 
a way that the beam may be deposited directly on the tape 
within the chamber. 
The counting chamber was not used on-line for this 
work. The source was carried from the deposit chamber to 
the counting chamber, and the counting chamber was used 
off-line. At the time of this work, not all of the 
problems of on-line operation had been solved; off-line 
operation was, however, an immediate possibility. 
2. Detector placement 
The arrangement of the detectors around the counting 
chamber is shown in Figures 7 and 8. The (arbitrary) 
numbering of the detectors is carried through the 
associated circuitry of each detector and the computer 
programs to ivoid confusion. Detectors 1 through 6 are 
placed at 45° intervals. Detector 7 is located 67,5° 
from detectors 1 and 6 so that information will be 
obtained at an angle that is not a multiple of 45°, and 
also to allow room for the previously mentioned beam port 
CD (f) 
O 
o 
•O 
c 
o 
CD 
t/5 
o 
o 
a: c\j 
1.00 
0.37 
0.2 5 
0.00 
- 0.08 
- 0.28 
-0:50 
/'2 A \ 
\ /L yX / 
Q 0" 
DETECTORS 
NJ 
cn 
45° 675' 
5 7 
90° 
4 
135° 
13 
180° 
2 
Figure 9. P~(cose) and P^(cos0) and detector placement. Angles subtended by 
tne Nal(Tl) detectors are indicated along the horizontal axis. 
Figure demonstrates the importance of 45° spacing 
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between detectors 1 and 7. Figure 9 shows graphs of 
(cose) and P^ (COS0) as functions of 6 and the placement 
of each detector with respect to detector 6. The angular 
extent of each Nal (Tl) detector is indicated along the 
horizontal scale in the figure. The advantage of placing 
detectors at 45° intervals to optimize the sensitivity of 
the system to and the necessity of correcting for the 
finite extent of the detectors are apparent from these 
graphs, 
3. The_NaIjTll_detectors 
A cutaway view of a Nal(Tl) detector is shown in 
Figure 10. Each detector consists of a 5 cm (length) by 5 
cm (diameter) cylindrical thallium "doped" sodium iodide 
crystal manufactured by Harshaw Chemical Company and 
mounted with Dow Corning 20-057 Optical Coupling Compound 
to an R. C, A. 6342A (ten-stage) photomultiplier tube. 
An aluminum collar keeps the crystal from sliding with 
respect to the detector. A problem encountered in 
earlier experience with this equipment was a tendency for 
the crystal to become separated from the phototube face, 
thus allowing bubbles to form in the optical coupling 
compound. Several measures were taken to assure that the 
crystal was held firmly to the photomultiplier tube, as 
mentioned throughout this section. 
Figure TO. Cutaway view of a Nal(Tl) detector. (One-third scale.) 
(1) siodiura iodide crystal, (2) layer of optical coupling compound, 
(3) photomultiplier tube, (4) support collar, (5) aluminum foil 
layer, (6) glass cloth tape, (7) black plastic electrical tape, 
(3) magnetic shield, (9) lead cone shield, (10) clamp, (11) base of 
counting chamber, ('12) table, (13) tube base, (14) wooden support 
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The photocathode of the photcmultiplier tube is 
maintained at a potential of -1350 Volts, the anode being 
at ground potential. The glass side of the phototube is 
wrapped with aluminum foil maintained at cathode 
potential to prevent leakage current through the glass. 
The aluminum can in which the sodium iodide crystal is 
housed and the aluminum collar are also maintained at 
cathode potential. The crystal is taped to the phototube 
5fith strips of glass cloth tape. This serves to insulate 
the detector, electrically, from its (grounded) 
surroundings as well as to give it mechanical strength. 
Around this is a layer of black plastic electrical tape, 
wrapped in helical fashion, that acts as further 
electrical insulation and guarantees a light seal. The 
photcmultiplier tube is surrounded by a Perfection Mica 
Company Conetic-Netic high magnetic permeability shield 
to protect it from stray magnetic fields that could 
adversely affect the inter-dynode paths of the electrons 
in the tube. 
TuG entire sodium iodide crystal is placed in a 
conical lead shield which serves to colliœate gamma rays 
coming from the source and to shield against scattered 
radiation. The aperture in the shield admits to the 
Hal(Tl) detector only those gamma rays coming from the 
source position that could use the full interaction 
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distance of the crystal without passing through the sides 
of the crystal. The solid angle correction is simplified 
by this collimation since the solid angle subtended by a 
detector is determined solely by the half-angle of that 
detector (9.5°), resulting in a solid angle of 0.08 
steradian or 0.7% of the total UTT solid angle around the 
source. The lead shield also shields the detector from 
gamma rays scattered from the other detectors and from 
the walls of the chamber. 
The lead cone is clamped firmly in place on the 
flange that forms the bottom of the counting chamber. 
The chamber is mounted on a table top. The tube base is 
bolted to a wooden support mounted on the table top. The 
geometry of the detector is thus fixed with respect to 
the source. The detector mounting provides mechanical 
strength to the crystal-phototube seal since the shield 
and tube base are mounted so as to place a compressive 
force on the crystal and tube base and maintain the 
optical seal between the crystal and phototube. 
Inside the phctosultiplier tube base is a resistor 
voltage divider chain to provide the dynode potentials 
from the high voltage power supply, k scheoatic diagram 
of this wiring is shown in Figure 11. 
The energy signal is taken from the ninth dynode of 
the photomultiplier tube and a timing signal from the 
30 
HIGH 
VOLTAGE 
INPUT 
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O ) TIMING OUTPUT 
figure 11» Schematic wiring diagram of a Nal(Tl) 
detector tube base 
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anode. Provision is made for a puiser signal to be fed 
in at the ninth dynode. All of the photomultiplier tubes 
are powered by the saire Fluke U12B High-Voltage Supply. 
A block diagram of the signal connections to a 
photomultiplier tube is shown in Figure 12. The output 
from the anode is connected through a 93-ohm cable to a 
fast amplifier with a rise time of a few nsec. A 
schematic diagram of this amplifier is shown in Figure 
13, The resistances B in the amplifiers were selected to 
adjust the gains to compensate for the differences in 
gain of the photomultiplier tubes. In this way, the 
height of the outputs of the amplifiers corresponding to 
a given gamma-ray energy was held to within a factor of 
two for all of the Nal (Tl) detectors. A description of 
the performance characteristics of this circuit can be 
found in Reference 11. The output of this amplifier is 
connected to a Chronetics Model 114 fast discriminator. 
The output of the discriminator, clipped to a width of 
approximately 16 nsec, is then fed into a unit known as 
the Fast Coincidence Logic, described in a later section. 
One output of the Fast Coincidence Logic is used to gate 
the single channel analyzer associated with the same 
detector, while the other output is connected to a unit 
called the Slow Logic Unit, also described later. 
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Figure 13. Schematic wiring diagram of the fast amplifier used in conjunction 
with each NaT (Tl) detector 
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The energy signal, taken from the ninth dynode of 
thA photomultiplier tube, is fed into a preamplifier 
connected directly to the tube base with a BNC connector. 
Th'= output of the preamplifier is connected to the input 
of a Nuclear Data Model ND-524 amplifier. The ND-524 
amplifier shapes the pulse by sending it through three 
shaping networks: a differentiation network, an 
integration network, and a second differentiation network 
^o produce a bipolar pulse at the output. The time 
constant of each network can be selected independently 
from that of the other networks. In this work, time 
constants of 0.4 Msec were selected for all networks. 
One of the two identical outputs of the amplifier is 
connected to the input of a Canberra Model 1430 single 
channel analyzer. The other output is connected through 
a passive 3-nsec delay to an input of a Canberra Model 
1450 Dual Linear Gate. This branch of the energy.signal 
is used only in setting the single channel analyzer 
window, as will be^^fc^Libed elsewhere. 
- o'utpnts are taken from the single channel 
analyzer. One output is connected to a scaler that is 
used to measure the singles count rate of each source at 
the beginning of data accumulation on the source. The 
second output is connected to the input of a Technical 
Measurements Corporation Model 246 Pouting Unit. The 
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function of the routing unit will be discussed later. 
The third output is connected to the Slow Logic Unit. 
^ • Ihe_Gejlil_^ector 
The germanium detector used is an Ortec Model 
8101-0924 true coaxial detector of 57.7 cm^ active volume 
and a depletion depth of 1.25 cm. The factory listed 
resolution is 2.4 keV full width at half maximum for the 
1.33-SeV transition in the decay of *oco, and the listed 
efficiency is 9 = 9% compared to a 7.6 cm (diameter) l»y 7.6 
cm (length) cylindrical Nal(Tl) detectci for a 1.33 MeV 
gamma ray. This detector tc supplied with a preamplifier 
mounted close i-c the crystal with two outputs, one for 
thp Liming signal and the other for the energy signal. 
A block diagram of the signal connections to the 
Ge(Li) detector is shown in Figure 14. The timing output 
of the preamplifier was connected to the input of an 
Ortec Model 454 Timing Filter Amplifier, and the output 
of that was connected to the input of an Ortec Model 453 
Constant Fraction Timing Unit. The output of the timing 
unit was connected to the input of a Chronetics Model 114 
Discriminator to produce a signal with shape and width 
identical tc that for the Nal (Tl) detectors, which was 
fed to the Fast Coincidence Logic. 
The energy output was connected to the input of an 
ND-524 amplifier. Differentiation and integration time 
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constants of 1.6 ysec were chosen. The amplifier output 
was fed through a 3-ysec passive delay to the input of an 
analog-to-digital converter (Geoscience Model 8050). 
5. ïhe_Fast_Çoinçidençe_Lo5iç 
The logic circuitry of this system was designed to 
determine coincidences between all pairs of the seven 
detectors when the system was operated in the seven 
NaT (Tl) detector mode and was therefore more complicated 
than needed for the Ge (Li)-Nal (Tl) mode. 
The Fast Coincidence Logic is a device for 
determining the occurrence of a coincidence event, and 
the pair of detectors involved in that event. The unit 
has seven inputs, into which are fed the signals from the 
seven fast discriminators, and fourteen outputs, two each 
for the seven detectors, when a coincidence event occurs 
between a particular pair of detectors, two output 
signals are produced for each of these detectors. One 
output signal is used to gate the single channel analyzer 
for that detector, and the other signal goes to the Slow 
Logic Unit for further processing^ 
A logic diagram of the Fast Coincidence Logic is 
shown in Figure 15. Most of the active elements are from 
the Motorola MCEL and NCEL family of integrated circuits. 
The unit consists of 42 AND circuits (three ANDs per 
MC1010P) with associated amplifiers, drivers, and delay 
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Figure 15. Logic diagram of the Fast Coincidence Logic. Circled letters and 
" + signs at terminals represent the presence of signals under the 
conditions of the example given in the text 
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and pulse shaping circuits. Any legitimate output from 
the appropriate Chronetics 114 discriminator triggers the 
discriminator circuit (three discriminators per MC1035P) 
at the input of the Fast Coincidence Logic. The output 
of each discriminator circuit is then amplified (two 
amplifiers per nCl025ir) and then ANDed with the signal 
from every ether input channel. The outputs of the AfîDs 
were joined into seven OSs so that each OR has six 
inputs, one input coming from each of six AMDs involving 
the given detector and each of the other six detectors in 
turn. Thus, each OR gives an output each time the 
corresponding input was in coincidence with any of the 
other six inputs. For example, if coincident signals 
appear at inputs C and F, then signals appear at outputs 
C and F. This is illustrated in Figure 9 by the circled 
letters and the "+" signs at the inputs and outputs. 
After passing through a delay, each output signal is 
split, and each branch passes through a buffer amplifier 
to produce a signal strong enough to drive either the 
gate input of a single channel analyzer or an input of 
the Slow Logic Unit. A typical delay curve in ahich are 
plotted the number of pulses coming from output C in a 
period of 0.50 minute as a function of the relative delay 
between the inputs C and F with no other inputs 
connected, is shown in Figure 16. The signal for input C 
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Figure 16. Delay curve. Number of coincidence counts observed by the Fast 
Coincidence Logic; between detectors 3 and 6 in a 0.5 min period 
with a 60CO source as a function of relative delay between the 
signals. Curve approaches accidental coincidence level as delay 
becomes large 
came from Nal(Tl) detector 3, and the signal for input F 
came from the Ge(Li) detector, with a ®®Co source in the 
center of the counting chamber. A positive delay means 
that the biyual to input C preceded the signal to input 
F. 
The experiments were run with a delay of 56 nsec 
between the Chronetics Model 114 discriminator and the 
input to the Fast Coincidence Logic of each Nal(Tl) 
detector. The cables between the Nal(Tl) detectors and 
their fast amplifiers had already been cut to the 
appropriate lengths to make coincidence signals leave the 
discriminator outputs within about 2 nsec of one another. 
6. The_Sloif_Lo2iç_Unit 
The function of the Slow Logic Unit, when used with 
the Ge(Li)-Nal(Tl) detector system, is to select from all 
of the coincidence events detected by the Fast 
Coincidence Logic those events that involve detector 6 
(the Ge(Li) detector), and to select from these the 
events in which the other detector involved detects a 
gamma ray inside its energy windov^ The Slow Logic Unit 
selects those events that produce the following signals; 
(1) signals from two Fast Coincidence Logic output 
channels, one channel of which corresponds to detector 6, 
and (2) a signal from one of the Nal(Tl) single channel 
analyzers. 
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A logic diagram of the Slow Logic Unit is shown in 
Figure 17. The unit was constructed from Scientific Data 
Systems logic circuit boards. It consists of seven fast 
coincidence inputs, to which the Fast Coincidence Logic 
outputs are connected; seven single channel analyzer 
inputs; and seven linear gate outputs. Each of the 
seven single channel analyzer inputs is split into two 
branches, one going to the seven-input OR and the other 
to an inverter. The output of the OR goes to each of 
seven ANDs. This is indicated in the diagram by the 
arrow head on the OR output and the arrow head on the 
appropriate input of each AND. The "+" signs and the 
circled numbers in Figure 17 refer to signal conditions 
as they would exist in an example to be discussed later. 
A "+" sign represents the presence of a signal or of a 
TRUE condition and a circled input or output label 
represents the presence of a signal. These markings 
refer only to conditions as they would exist in the 
example. 
Except for the seven-input OR and its connections, 
the Slow Logic Unit may be looked upon as being composed 
entirely of seven identical sub-circuits. Each 
sub-circuit consisted of one fast coincidence input and 
its buffer amplifier, one single channel analyzer input 
and its inverter, one linear gate output and its 
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associated amplifier, and one AND. The requirements for 
a TRUE condition out of the AND, and thus for an output 
signal, are: (1) the presence of a signal at the fast 
coincidence input, (2) the absence of a signal at the 
single channel analyzer input (since the single channel 
analyzer input passes through an inverter), and (3) a 
TRUE condition from the seven-input OR. In order for 
conditions (2) and (3) to be satisfied simultaneously, 
there must have been a signal at one of the other single 
channel analyzer inputs. This is the true significance 
of condition (3). 
The purpose of the input buffer amplifier is to 
introduce the appropriate delay in the input signal 
before introducing it into the AND. The purpose of the 
output amplifier is to drive the GATE input of a Canberra 
Modal 1450 Dual Linear Gate. For the sake of simplicity, 
internal buffer amplifiers, such as the ones between the 
OR and each of the ANDs, required to drive the S. D. S. 
logic components have been omitted from the diagram. 
To illustrate the operation of the Slow Logic Unit, 
let us take the example used in describing the Fast 
Coincidence Logic and carry it further. Suppose that 
detectors 3 and 6 observed coincident gamma rays. Then 
signals from their discriminators would arrive at their 
Fast Coincidence Logic inputs (C and F, respectively) in 
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coincidence, and signals would appear at outputs C and F. 
Thus, single channel analyzers 3 and 6 would receive 
gating signals; and signals would appear at Fast 
Coincidence inputs 3 and 6 of the Slow Logic Unit, as 
indicated by "+" signs and circled input labels in Figure 
16 .  
Suppose, further, that the gamma ray detected by 
detector 3 was inside the energy window defined by single 
channel analyzer 3, but that the gamma ray detected by 
detector 6 was not inside its window. The presence of a 
signal at single channel analyzer input 3 would cause a 
TRUE condition to exist at the output of the seven-input 
OR and thus at the corresponding input of each of the 
seven ANDs. The signal from the OR, the signal at fast 
coincidence input 6, and the absence of a signal at 
single channel analyzer input 6 would satisfy the 
requirements of AND number 6; and there would be a 
signal present at linear gate output 6. 
The number 3 AND would have TRUE conditions at two 
of its inputs, but would be vetoed hy the FALSE condition 
at its third input (from the output of the inverter) 
caused by the presence of a signal at single channel 
analyzer input 3. Each of the other five ANDs aould have 
TRUE conditions at two of its inputs, but a FALSE 
condition at the third, caused by the absence of a signal 
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at its fast coincidence input. Therefore, in the present 
example, linear gate output 6 would be the only output of 
the Slow Logic Unit to deliver a signal. 
For the data obtained in this work, single channel 
analyzer input 6 was maintained in a constant FALSE 
condition. This was done by grounding that input. 
Therefore, there was a signal at linear gate output 6 if 
and only if detector 6 (the Ge(Li) detector) detected a 
gamma ray in coincidence with another gamma ray detected 
by one of the Nal(Tl) detectors and inside its energy 
window. 
7. The Routing Unit 
The Routing Unit (Technical Measurements Corporation 
Model 246) is actually a unary-to-binary converter. At 
all times the unit provides an output, the binary code 
for the label number of the last input to receive a 
signal. It has sixteen inputs and a four-bit output. In 
the experiments discussed in this report, only inputs 1 
through 5 and 7 were used, and the most significant bit 
(always 0) of the output vas ignored. Each input «as,- of 
course, connected to the single channel analyzer output 
of the Nal(Tl) detector of the same number. 
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D. Experimental Configuration 
1. Data accumulation 
The remaining signal connections are shown in Figure 
18. Single channel analyzer input 6 of the Slow Logic 
Unit was grounded to maintain it in a constant FALSE 
condition, as described before. Linear gate output 6 was 
used to gate the analog-to-digital converter that 
digitized the energy signal from the Ge(Li) detector. 
This was accomplished in the experiment by sending 
the Ge(Li) signal through a Canberra Model 1450 Dual 
Linear Gate and using the Slow Logic Unit output to open 
the gate. This arrangement, however, resulted in both 
baseline shifts and gain shifts. Therefore, for the 
= experiment the linear gate i-fas removed and the Slow 
Logic Unit output was connected directly to the GATE 
input of the analog-to-digital converter. In either 
case, the configuration did not allow a signal arising 
from a gamma ray detected by the Ge(Li) detector to be 
digitized unless it was in coincidence with another gamma 
ray that was detected by one of the NaI{Tl) detectors 
inside its energy window. The energy signals from the 
Ge{Li) detector that met the above criteria were 
digitized into a 2K (2,048 channel) spectrum. ("K" here 
refers to the "binary thousand," 1024.) Thus, each 
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Figure 18. Equipment configuration for data accumulation. 
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digitized signal resulted in an eleven-bit address from 
the analog-to-digital converter which was fed into the 
format selector (Technical Measurements Corporation Model 
249). This address formed the eleven least significant 
bits of the fourteen-bit output of the format selector. 
The three most significant digits came from the routing 
unit and corresponded to the NaT(Tl) detector involved in 
the coincidence. This fourteen-bit pattern was the 
address by which the event was stored in the memory of 
the Technical Measurements Corporation Model 16K (16,384 
channel) Analyzer. 
The result was that the memory of the analyzer was 
divided into eight sections of 2K channels each. Six of 
these sections corresponded to the six Nal(Tl) detectors. 
The two remaining sections were used to store various 
singles spectra and to check for shifts in baselines, 
gains, and single channel analyzer windows during the 
course of the experiments. 
An INHIBIT signal was sent from the CONVERTER BUSY 
output of the format selector to the GATE input of the 
Routing Unit. This prevented the output of the Routing 
Unit from being changed by a spurious input signal that 
might arrive while the energy signal from the Ge (Li) 
detector was being digitized. The true input signal 
arrived at the Routing Unit before the INHIBIT signal. 
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Now let us suppose that detector 6 (the Ge(Li) 
detector) detected a gamma ray, and that detector 3 
detected a coincident gamma ray inside its energy window, 
and trace the events that would follow. The timing 
signal of the Ge (Li) detector would pass through the 
Timing Filter Amplifier, the Constant Fraction Timing 
Unit, and the Chronetics 114 Discriminator to arrive at 
the input of the Fast Coincidence Logic in coincidence 
with the timing signal from detector 3, which would have 
passed through its fast amplifier and Chronetics 114 
Discriminator. 
Signals would come out of Fast Coincidence Logic 
outputs C and would go to Slow Logic Unit input 3 and to 
the STROBE input of Single Channel Analyzer 3. One 
output F would go to (Fast Coincidence Logic) input 6 of 
the Slow Logic Unit. The second output F was not used. 
The presence of an energy signal inside the window 
and a signal at the STROBE input of single channel 
analyzer 3 would cause it to send signals to single 
channel analyzer input 3 of the Slow Logic Unit and to 
input 3 of the Bouting Unit. The three conditions for a 
signal at slow Logic Unit output 6 would then be met: 
(1) the presence of a signal at Fast Coincidence Logic 
input 6, (2) the presence of a signal at Single Channel 
Analyzer input 3, and (3) the FALSE condition at Single 
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Channel Analyzer 6 caused by the grounding of that input. 
Therefore, the gate would be opened allowing the energy 
signal from the Ge (Li) detector to be digitized by the 
analog-to-digital converter. 
When the signal had been digitized, its eleven-bit 
address would be passed on to the format selector. In 
the meantime, the three-bit address from the Routing Onit 
would have been set by the signal from Single Channel 
Analyzer 3; and a count would be added in the 
appropriate channel of the appropriate (the third) 2K 
section of the analyzer memory. The INHIBIT signal from 
the format selector would cause the Routing Unit to hold 
its three-bit address until the energy signal has been 
digitized. 
2. Preliminari_set-u£ 
At the beginning of each experiment it was necessary 
to set the single channel analyzer windows about the 
gating peaks. In order to set the windows uniformly, the 
gains were first set for the same energy response of all 
the Nal (Tl) detectors; then the .single channel analyzer 
windows were set to enclose the same number of channels 
about the respective gating peaks. To do this, the Slow 
Logic Unit was switched so that the single channel 
analyzer inputs were connected directly to the linear 
gate outputs, the single channel analyzers were switched 
52 
to the ungated mode of operation, and the Model 248 
Format Selector was connected to the Model 249 Format 
Selector in place of the Geoscience 8050 
Analog-to-Digital Converter. This caused the equipment 
to assume the configuration shown in Figure 18. 
The outputs of the six linear gates (Canberra Model 
1450) were connected to three inputs each, of two 
Technical Measurements corporation Model 213 Four-Input 
Analog-to-Digital Converters which, in turn, were 
connected to the Model 248 Format Selector. These 
connections were retained throughout each experiment, and 
the gain and window settings were checked periodically. 
Under the conditions outlined above, all of the 
energy signals from the Nal(Tl) detectors inside their 
respective single channel analyzer windows were allowed 
to pass through their linear gates to be digitized. The 
gains of the amplifiers were originally set with the 
single channel analyzer windows open rather wide. The 
gains were set so that the gating peak, appeared to be 
centered at the sams channel yithin the 256-channel 
spectrum of each Nal (Tl) detector; then the windows were 
closed about the gating peak so that the six windows 
appeared to enclose the same channels within each 
spectrum. 
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Figure 19. Equipment configuration for setting the amplifier gains and single 
chamnel analyzer windows at the beginning of the experiments 
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E. An Alternative Configuration 
1. Data accumulation 
An alternative configuration that employs a buffer 
tape memory system has been tested, but it was not used 
in either of the experiments described in this report. 
This configuration allows all coincidence events to be 
recorded as a pair of addresses on a seven track magnetic 
tape and to be sorted, after the experiment, into the 
energy gates of interest. With this configuration, the 
data for all possible energy windows can be collected at 
once and then read off the tape and sorted into spectra 
that correspond to different energy windows as well as 
different detectors. The sorting process is accomplished 
through the use of a computer prcgras nazsd BUFFTS-PE. 
This program reads the buffer tapes, sorts the 
coincidence events into spectra corresponding to up to 
255 gates and then writes the spectra on a seven-track 
output tape. The buffer tape system was produced by the 
Electronics Instrumentation Group of Ames Laboratory, 
with the 16K multichannel analyzer. 
The equipment configuration is outlined in Figure 
20. The inputs to the Fast Coincidence Logic are 
obtained from the Chronetics Model 114 Discriminators and 
the inputs to the ND-524 amplifiers are obtained from the 
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Figure 20. Alternative equipment configuration. Equipment for monitoring 
singles counting rates of fresh sources has been omitted 
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detector preamplifiers as described earlier. 
In this configuration all of the single channel 
inputs of the Slow Logic Unit are grounded, maintaining 
them in a FALSE condition, except input 6. Input 6 is 
connected to output F of the Fast Coincidence Logic. 
Outputs A through F of the Fast Coincidence Logic are 
connected to Fast Coincidence inputs 1 through 6 of the 
Slow Logic Unit respectively. With these connections, 
the Slow Logic Unit acts as six AND circuits, each AND 
being between the Fast Coincidence Logic output signal 
for the Ge(Li) detector and output signal for one of the 
Nal(Tl) detectors. A given output (other than output 6) 
of the Slow Logic Unit, then, exhibits a signal each time 
the corresponding NaT (Tl) detector detected a gamma ray 
in coincidence with another gamma ray detected by the 
Ge(Li) detector. 
The six single channel analyzers (Canberra Model 
1430) serve merely as signal splitters for the Slow Logic 
Unit outputs. They are operated with their windoes set 
at their aaxiaum opening with the baselines raised 
slightly to reject noise. A scaler is connected to each 
of the single channel analyzers and a single channel 
analyzer and scaler are connected to the second output of 
the ND-524 amplifier of the Ge(Li) detector so the 
singles counting rates of each new source can be 
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monitored. These units are omitted from Figure 19 
because of space considerations. 
Each time a Nal(Tl) detector detects a gamma ray in 
coincidence with another gamma ray detected by the Ge{Li) 
detector, the corresponding linear gate (Canberra Model 
1450) will open allowing its energy signal to enter the 
adder. The adder is simply a passive resistor assembly 
connected to an ND-52U amplifier. Each input passes 
through a 50 kohm precision resistor and then through a 
common 1 kohm precision resistor to ground. The output 
is taken from the common point at the top of the 1 kohm 
resistor through the amplifier to make up for the 
attenuation and to drive the cable to the 
analog-to-digital converter. 
Since the other linear gates will remain closed, the 
one Nal(Tl) energy signal will be the only one in the 
adder at that time, and it will be passed on to the 
analoy-to-digital converter to be digitized into a 
nine-bit address. The Ge (Li) detector energy signal is 
digitized by the other analog-to-digital converter into a 
twelve-bit address at the same time. Meanwhile, the 
Routing Dnit is set by the appropriate single channel 
analyzer signal, and its three bit address frozen by the 
converter busy signal from the 16K analyzer. The 
interface between the Nal(Tl) analog-to-digital converter 
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and the buffer tape unit is merely a passive chassis box 
that patches the three-bit address from the Routing Unit 
and the nine-bit address from the analog-to-digital 
converter into a twelve-bit address in the cable to the 
buffer tape unit. The interface also passes the control 
signals (CONVERTER BUSY, ADC ONE, etc.) from the 
analog-to-digital converter to the buffer tape unit. 
The coincidence profiles of the detectors are 
recorded in the memory of the 16K analyzer. A 
coincidence profile is a spectrum consisting of all of 
the coincidence events observed by one branch of the 
system. The Ge (Li) coincidence profile appears as a 4K 
spectrum. Because the Nal (Tl) address for a given 
coincidence event consists of three bits from the Routing 
Unit and nine bits from the analog-to-digital converter, 
the Nal(Tl) profiles appear as six 512-channel spectra in 
order in a UK section of the analyzer memory. 
2. Preliminary adjustments 
To set the amplifier gains and single channel 
analyzer windows the Nal(Tl) single channel analyzers and 
the Nal (Tl) analog-to-digital converter are switched to 
the ungated mode of operation. In this fashion, without 
changing any of the connections shown in Figure 12, it is 
possible to cause all of the energy signals from the 
Nal (Tl) detectors inside their respective single channel 
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analyzer windows to be presented to the analog-to-digital 
converter to be digitized, and passed on through the 
buffer tape unit to the analyzer. The gains and windows 
are then set in the same manner as for the other 
configuration. 
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IV. FROCEDOBE AND ANALYSIS 
A. Experimental Procedure 
Two angular correlation experiments were performed 
in this work, one concerning the transitions in i3*Ba and 
the other the transitions in i+zce. The experimental 
procedure for both was essentially the same. The isotope 
separator was tuned for the mass being studied, and 
samples were collected= The amplifiers associated with 
the Nal (Tl) detectors were adjusted to center the gating 
peak (1436 keV for is^Ba and 641 keV for i+zce) at the 
same channel in the respective spectra. The gain of the 
amplifier associated with the Ge(Li) detector was 
adjusted so that its spectrum spanned the energy region 
of interest. 
Four source holders were used in rotation according 
to a timetable by which a source was deposited on one 
source holder in the deposit chamber while data was being 
accumulated from a source on another holder in the 
counting chamber. Data yere accumulated from each -source 
for a period of time approximating its mean-life (one 
hour for and two hours for i+^Ce), and then the old 
source was replaced by a fresh one. The i^^Ce sources 
were transferred without delay from the deposit chamber 
to the counting chamber. The sources were delayed 
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one hour before counting to decrease the activity due to 
gamma transitions in i3®Cs. The source holder that had 
been in the counting chamber was set aside to await its 
turn in the deposit chamber. 
Each time a new source was placed in the counting 
chamber the single channel analyzers associated with the 
Nal(Tl) detectors were switched to their ungated mode of 
operation, and the number of counts registered by each of 
the associated scalers in a certain fixed period of time 
(40 sec for la^Ba and 100 sec for i*2Ce) was recorded. 
The sum of all of the singles counts taken in this manner 
for a given Nal (Tl) detector was taken to be the singles 
correction factor for that detector. 
The single channel analyzers were then switched back 
to their gated mode of operation, and data accumulation 
began using the equipment configuration described in 
Chapter III. The coincidence spectra were collected 
using the 16K-channel analyzer, and the scalers 
determined the number of coincidence events in which each 
Nal(Tl) detector detected a gaama ray inside its energy 
window. 
After a fixed period of time (40 min for and 
100 min for i+zce) the number of counts registered by 
each scaler was recorded. These numbers were used in 
approximating the accidental/total coincidence count 
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ratio. (See Section C of this chapter.) 
B. Data Analysis 
1. Com£U ter_£roaranis 
Two computer programs proved very useful in the 
analysis; they are SKEWGADS and AFIT. 
a. SKEWGAUS This program is amply described 
elsewhere (9,12), so only a brief outline will be given 
here= SKEWGAUS performs a non-linear, least-squares fit 
to individual photopeaks or multiplets in multichannel 
analyzer data. For the purposes of this work, the 
important output of SKEWGADS is the area of each peak 
fit. This area is a measure of the number of counts 
above background in the photopeak. For a single 
photopeak, this number can be found without fitting by 
simply adding the counts to the photopeak and subtracting 
the background, but for an unresolved multiplet it is 
necessary to fit the data. A check run on some of the 
singlets in the i+zce spectra shewed no significant 
diffcrcnce in the results of the t»o methods^ 
The purpose of a fitting program like SKEWGADS is to 
determine those values of the parameters of a 
mathematical function, known as the fitting function, 
that give the best approximation to the experimental 
spectrum over a region of the spectrum known as the 
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fitting region. The fitting region is selected by the 
user of the program. It does not, in general, include 
the entire spectrum, but it should extend far enough to 
each side of the centroids of the peaks to give a clear 
indication of the background level under the peaks. 
The fitting function of SKEHGADS is the sum of a 
term for each peak in the multiplet and a single 
background term. The analytical form of the peak term 
changes at a certain point on the lower-energy tail of 
the peak known as the crossover point. The function, is 
Gaussian above the crossover point and exponential below 
it. The form of the background term is the same 
throughout the entire fitting region, and it may be 
chosen to be either linear or quadratic in channel 
number. 
The four fit parameters in the peak term of SKEWGAOS 
are the position of the centroid, the height above 
background, the full-width-at-half-maximum, and TAU, the 
distance in channels from the centroid to the crossover 
point, (5KESGAUS provides three additional parameters 
for fitting more complex peak shapes, but these were not 
used in this work.) In fitting the data, TAU and the 
full-width-at-half-maximum were held fixed; and the 
centroid, height, and background were allowed to vary. 
The same values for the fixed parameters were used for a 
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given photopeak in all six spectra corresponding to the 
six Nal (Tl) detectors. 
b. AFIT This program takes the peak areas, 
performs corrections consisting of subtraction of 
contributions from background gates and division by the 
singles correction factors, and fits the results to the 
expression: 
W(8) =A^ + A'P2 (COS0) +A«P^ (COS0) . (11) 
The fitting subroutine is an adaptation, of L.EfiFIT. which 
is described in Bevington (13). 
The program gives as its output and 
A^=A|/A|= and their uncertainties. &FIT makes the 
geometrical corrections to the angular correlation 
coefficients discussed in Section D, and the values it 
gives are the ones quoted in Chapter V= It also gives 
the product of A^ and the average of the singles 
correction factors. This number is an average number of 
counts gated by one Nal(Tl) detector, and it is an 
indicator of the amount of data used to determine the 
angular correlation coefficients. 
2. Metho^of _Analisis 
a. i38Ba experiment In this experiment the 
areas of the photopeaks were determined by adding the 
counts in the channels that composed the peak and 
subtracting the background contribution. The background 
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contribution was determined by finding the average number 
of counts in a background region above the peak and the 
average number of counts in a background region below the 
peak, and assuming that the background varied linearly 
between the regions. 
b. i42cg experiment These spectra included a 
number of multiplets, so the data were fit using 
SKEWGAUS. Both the centroid and height were varied. 
C. Accidental Coincidences 
When interpreting the data from a coincidence 
experiment involving highly radioactive sources, it is 
necessary to consider the effect of accidental 
coincidences upon the data. An accidental coincidence is 
an event in which gamma rays are detected from different 
nuclei that happen to decay close enough to the same time 
to be detected by the equipment as if in coincidence. If 
accidental coincidences are a small fraction of the total 
coincidences detected, then the error they produce in the 
measured values of the angular correlation coefficients 
will be small compared to the statistical uncertainties 
and the accidental coincidences may be neglected. If, on 
the other hand, the accidental coincidences are an 
appreciable fraction of the total, a correction must be 
applied. 
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The multi-detector system used for this work is 
particularly sensitive to accidental coincidences because 
the coincidence circuits corresponding to different Nal 
detectors have different accidental coincidence count 
rates. 
The accidental contribution was calculated to be 
negligibly small for each of the experiments covered in 
this report. To show how this was done, it is necessary 
to develop the expression with which the accidental count 
rate was computed. 
1. The-êx£ression_for_aççidGntal_çount_rate 
Let be the rate at which Nal(Tl) detector A 
SA 
detects the gating gamma ray (the gamma ray inside its 
energy window). Let Rg^ be the rate at which the Ge(Li) 
detector detects another gamma ray (the gamma ray for 
which we wish to calculate the accidental coincidence 
rate). Let t=t^ft^ be the resolving time of the system. 
(The Ge(Li) detector must detect its gamma ray within 
time t before, or t after, detector A detects the 
G A 
gating gasima ray in order for the system to consider the 
pair as being in coincidence.) 
Each time detector A detects the gating gamma, then, 
the Ge(Li) detector has a time window of width t to 
detect its gamma and have it interpreted as being in 
coincidence. This window is opening at the count rate R 
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of detector A, so the fraction of the time that the 
window is open is the product t. The accidental count 
rate R , then, is the product of the fraction of the 
acc 
time that the window is open and the count rate R of 
SG 
the Ge(Li) detector. 
»acc=*SG*SAt' '12) 
2. Measurement of t 
Using a ^oco source, the value of t in Expression 1 
was measured for each of the Nal(Tl) detectors. The 
values of Eg^ were determined by setting the window of 
the single channel analyzer associated with each Nal (Tl) 
detector about the 1332-keV gamma ray and observing the 
singles count rate in the associated scaler. Similarly, 
the value of (about 70% of H ,) was determined by 
SG SA 
setting the window of a single channel analyzer 
associated with the Ge(Li) detector about the 1332-keV 
peak and observing the singles count rate with a scaler. 
Then a delay cable of sufficient length to guarantee that 
all coincidence events are accidental was inserted in the 
timing circuitry of the Ge (Li) detector and B was 
acc 
measured for each Nal detector by counting the output 
signals from the Fast Coincidence Logic with scalers. 
Then the value of t corresponding to each detector was 
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determined from Expression 12. The values obtained were 
(within about ±1 nsec): 
detector 12 3 4 5 7 
t (nsec) 35 38 42 41 44 40. 
Comparison of an accidental spectrum with a singles 
spectrum indicates that the values of t are essentially 
independent of the energies of the gamma rays involved, 
at least for energies above about 300 keV. 
3. Determination of the accidental coincidence 
contribution 
The values of R were taken for each fresh source 
at the beginning of data collection. These values of R 
taken over the course of the experiment were averaged, 
and the average value of Rgg was estimated from the 
average Then an average value of derived 
from Vvnroçsiop. •!?-_ nn estimate of the Local coincidence 
count rate was obtained from the record of the total 
coincidence counts from each source over the period for 
which data were collected from that source (approximately 
one half-life). The ratio of 
(accidental coincidence counts) /(total coincidence counts) 
thus obtained represents an upper limit to the actual 
value since it depends on the singles count rates when 
the sources are new and on the average total coincidence 
count rate, A more reasonable estimate of the actual 
value Hould be about one-half of the upper limit 
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estimate. The upper limit estimates of 3% obtained for 
i38Ba and 0.5% for i+zce are sufficiently small to make a 
correction for accidental coincidences unnecessary. For 
example, in a trial run using simulated data for a 4-2-0 
cascade a 3% accidental contribution produced an error of 
0.004 in the calculated value of A2 and 0.0008 in the 
calculated value of A.. 
4 
D: Geometrical Correction 
The desired angular correlation coefficients A are 
those that would be obtained if it were possible to do 
the experiment with a point source and point detectors. 
In reality, both the source and the detectors necessarily 
have finite size. In the experiments discussed here, the 
source was about 2.5 mm high and each Nal(Tl) detector 
subtended a half-angle of about 9° at the source. (See 
Figure 9.) The Ge (Li) detector subtended a half-angle of 
about 14° at its nearest edge. These dimensions are 
large enough to necessitate the application of a 
gecûîetrical correction. 
1. The correction factor 
Feingold and Frankel (14) have treated the geometry 
used in the present work, among others. They found that 
if the true (point-source, point detectors) correlation 
is 
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w(e)=vA^p^(cose) (13) 
and the experimental correlation is 
w(8)=E a^,P^,(cos6), (14) 
then the coefficients a* and A' are related by the 
expression 
X/inm' 
Expression 15 shows the coefficients a* to be linear 
combinations of the coefficients A*. It will be shown 
that, in the case at hand, the mixing of different I 
values is negligible and that the only geometrical 
correction necessary is division by a correction factor: 
Ag=ap/(correction factor)^. (16) 
The g's are defined in terms of d's, the 
representation coefficients cf the rotation grc^p 
corresponding to the rotation through the Eulerian angles 
0,8,0. They are 
2 i + l  g. 
^+1 n 
d^, (e)Pj^, (cose)d(cos0) . (17) 
'min' 4TT 
To understand the b's and the c's we need to define 
some symbols. Let e=the height of the source, and for 
each detector let: 
R=the distance from the center of the source to the 
center of the detector face, 
Y=(E/2B)2, 
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p=the pclar coordinate of a point on the detector 
face with the center of the detector face as the origin, 
r=p/R 
e(r)=the efficiency function of the detector 
(probability of detection of a gamma ray as a function of 
the point of incidence of the gamma ray), 
X=2TT/(R^) e(r)rdr, (18) 
-^0 
r* r* 
a=2/(R:) r^e(r)rdr/] e(r)rdr, (19) 
-^0 Ù 
and 
^00 Ç OO 
6=3/(RZ) r'*e(r)rdr/ e(r)rdr. (20) 
-^0 -^0 
XH Lerms of the above quantities, the b's are 
b^Q=À{l+F^^[a+(2/3)Y]+F2j^[3+(3/5)Y^+2aYn (21) 
and 
The b's are arbitrarily chosen to refer to the Nal(Tl) 
detectors. The c's have definitions identical with 
Expressions 21 and 22 but are chosen to refer to the 
Ge(Li) detector. The F's, H's, and J's in Expressions 21 
and 22 are the numerical results of integrations 
performed in deriving the expressions and are givea in a 
table in Feingold and Frankel. 
72 
The symbolism used above differs somewhat from that 
of Feingold and FranJcel. To facilitate comparisons, a 
conversion chart of symbols and expression numbers is 
given below: 
Symbols : 
above 
Feingold 
and Frankel 
F. 
R Y 
r 
0 
Tra^ a 
E 
e, 
above (18) 
Feingold (28) 
and Frankel 
Expressions 
(19) (20) 
(29) (30) 
(21)5(22) 
(27) . 
2. The_NaIJTl} detector corrections 
Because of the way in which the Nal(Tl) detectors 
were shielded by the lead cones, they may be treated as 
circular detectors of radius P q=12.7 mm and uniform 
efficiency e^ at a distance R=76 mm. The integrations in 
Expressions IS, 19, and 20 can be performed directly, 
then, to obtain 
a=(Po/R) 26^=0.0278eQ, (23) 
À=ïïa=0.G873eQ , (24) 
and 
B =a =0. 000776^ . (25) 
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3. The Ge(Li) detector corrections 
Because of the more complicated geometry of the 
Ge(Li) detector, its efficiency function is not as simple 
as that of a Nal (Tl) detector. Proper treatment of the 
Ge(Li) detector requires either empirical mapping of its 
efficiency function or Monte Carlo calculation. 
Fortunately, Honte Carlo results for a point source and 
approximately the detector geometry used, are available 
from Camp and van lehn (15). These results may be used 
in conjunction with Expression 21 to determine x, a » and 3 
by setting y=0. For a point source 7.0 cm away from a 
Ge(Li) detector of 60 cm^ active volume, 40 mm diameter, 
and 55 mm depth they obtained 
C2/Cq=0.96 (26) 
and 
C4/Cq=0.88. (27) 
The ratios in Expressions 26 and 27 are essentially 
independent of the energy of the gamma ray. While the 
actual values of CQ, cand c^ vary by an order of 
magnitude in the range 100 keV to 1000 keV^ the ratios in 
Expressions 26 and 27 remain within +0.005 to -0.02 of 
the values shown. This variation is well within the 
tolerance of the experiment and can be neglected. It 
follows from Expression 11, then, that a and g are 
independent of energy, but A is not. It will be shown 
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that the correction, however, is independent of X. The 
values of a and B obtained from Expression 9 are 
a=0.0549 (28) 
and 
3=0.0022. (29) 
Using the values of a and 3 in Expressions 23, 25, 
28, and 29 and the tabulated values of the F's, H's, J's, 
and g's in Feingold and Frankel in Expression 3, we have 
a'=XeQ (0,81)»^, (30) 
aj=0.00, (31) 
a^=AeQ (0.74A^-1.3x10-2A<) ^ (32) 
a'=xeQ(2.9x10-6&|), (33) 
and 
a^=Xeo (0.50A|). (34) 
There are no terms of order higher than a^. The factor 
of 2.9x10-6 in Expression 33 is, of course, negligible 
and the a term may be dropped. The 1.3x10-2 factor in 
Expression 32 is also negligible in most cases, but it 
will be retained for those cases in which A^ is large in 
comparison to A' 
2" 
He wish to obtain A^ and A^ in the expression 
W(8)=&o(1 + A2P2(cos8) +A^P^(cose)) . (35) 
To apply the geometrical correction, then, the data 
were fit to the function 
w(9) (cose) +a^P^ (cose) ) , (36) 
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and the values of and were found from the values 
of 0-2 and . Using a2=aj/a^, a^=aj/a^, A2 = A^/A^, and 
A4=A^/Aq' in conjunction with Expressions 30, 31, and 33 
we obtain the desired expressions: 
a2=0.92A2-0.016A^ and 3^=0.76A4, (37) 
or 
and Â2 = (a2+0. 016A4)/0.92. (38) 
The above treatment neglects the dependence of the 
efficiency function of the Ge(Li) detector upon the angle 
of incidence of the gamma rays. As is pointed out in 
Reference m, however, this should introduce a negligible 
error. 
E. Error Analysis 
1. Theoretical background 
Most of the data taken in this work yield themselves 
to the well known concept of counting statistics: If N 
is the number of gamma rays from a source detected by a 
detector in a certain period of time and analyzed as 
falling within a certain, energy range, then /N is the 
uncertainty in N. Some examples of N to be found in the 
experimental data under discussion are: the number of 
counts in one channel of a multichannel analyzer 
spectrum, the number of counts in a group of channels of 
a multichannel analyzer spectrum, the singles counts 
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taken from one source, and the coincidence counts taken 
from one source. 
If the uncertainties of a set of measured quantities 
are known, the uncertainty in the calculated value of a 
(differentiable) function of these measured quantities 
can be calculated using the concepts of Reference 16. 
Let {x^} be the set of measured values whose 
uncertainties {u^} are known, and let f{{x^}) be the 
calculated function whose uncertainty is desired. Let 0 
be the uncertainty in the calculated value of f due to 
the uncertainty in the values of the x's. 
If the x's are uncorrelated, 
a2=E (Sf/3x. )2u2. (39) 
i ^ ^ 
Two particular examples are discussed below. 
a- |xa]!LBie_l:__f_is_a_sum If then 
U2=u2+u|. (40) 
If x^=n^ and ^2~^2 numbers of counts as described in 
the first paragraph of this section, then 
02=n^+n2. (41) 
Thus, the uncertainty in a singles correction factor, for 
example, is the square root of the singles correction 
factor. Also, of course, the uncertainty in the sum of 
the counts in a group of channels in a multichannel 
analyzer spectrum is the square root of the sum. 
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b. Exam£le_2^ f_is_a_£roduct If then 
D2/f2=u2/x2+u|/x|. (42) 
If x^=n^ and ^2~^2' 
U2/f2=l/n^ + 1/n2. (43) 
Expressions 42 and 43 are also true for f^x^/xg. If 
f=x^x2 and u^=0, then 
U=x^U2; (44) 
and if *2 = 02' then 
U=x^n2: (45) 
If, on the other hand, the x's are correlated, then 
Expression 39 must be replaced by a more complicated 
expression involving the cross-correlation coefficients 
{u._.}. The appropriate expression is 
 ^J 
U2=.I(3f/3x. ) (9f/3x.) • (46) 
1] 1 ] 1] 
Tr» 4. crmtoT'oe f i +« Kxr RVTT t*ha n. .«c; am 
the elements of the error matrix after inversion. This 
is the only place that Expression 46 is used in the 
present work. u^^ in Expression 46 is the uncertainty in 
x, and has the same meaning as u. in Expression 39. 
1 1 
In the topics to follow we shall trace the 
propagation of errors through the steps in data analysis 
used in the present work. 
2. Peak area determination 
a. i38Ba experiment às was indicated earlier, 
the peak areas for these experiments were calculated from 
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(total counts in peak channels) 
-(correction factor)x(total background counts) 
where the correction factor represents the effect of 
averaging the background counts per channel and 
normalizing to the channels under the peak. The 
uncertainty in the correction factor is zero; so, from 
Expressions 45 and 41, the square of the uncertainty in 
the calculated peak area is 
(peak counts)+(correction factor)x(background counts). 
b. i42Ce experiment In the fits to these data, 
the only variable fit parameter that affected the peak 
area was the height. Therefore, the fractional 
uncertainty in the peak area was taken to be the same as 
the fractional uncertainty in the peak height. The peak 
height and its uncertainty are part of the output of 
r* T*« r* * r? f* 
3. Error_pr0£a2ation_through_AFIT 
The uncertainty in 
(peak area)/(singles correction factor) 
was calculated from Expression 42 with 
x^=p'6ak area, 
X2=singles correction factor, 
and, of course, 
u2/x|=1/n2 = 1/(singles correction factor). 
The fit was then weighted by l/U^. Next, the 
uncertainties in the experimental angular correlation 
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coefficients and a^ were calculated from Expression 46 
with the u..'s taken from the error matrix. If the 
13 
variance was greater than 1.0, this value of was then 
multiplied by the variance to allow for the quality of 
the fit. 
The geometrical correction coefficients given in 
Section D of this chapter are assumed to have zero 
uncertainty, so the uncertainties in the corrected 
angular correlation coefficients and follow 
directly from Expressions 44 and 40. These uncertainties 
are part of the AFIT output. 
'' • Possible causes of systematic errors 
The uncertainties quoted for the angular correlation 
coefficients are based strictly on counting statistics 
and the quality of the fit and do not take into account 
possible systematic errors that have not been detected 
and for which corrections have not been made. Possible 
causes of systematic errors include misrouting of pulses 
going into the multichannel analyzer memory, missed 
coincidences, efficicncy differences in the detectors, 
background radiation, and scattering between detectors. 
The sections of the memory that should not have 
pulses routed into them had very few counts (fewer than 
1% as many counts as in a typical legitimate spectrum). 
This was taken as an indication that misrouting was 
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infrequent. 
Missed coincidences can present serious problems, 
especially if the coincidence circuits associated with 
the different Nal(Tl) detectors miss different numbers of 
coincidence events. A missed coincidence is an event in 
which two gamma rays from the cascade decay of a nucleus 
are detected by two detectors but the equipment does not 
interpret the resulting signals as being in coincidence. 
The most likely cause of coincidences being missed is 
that the resolving time (t) of the appropriate 
coincidence circuit is too short. If this is the case, 
time jitter within the system will cause some legitimate 
signals to arrive at the coincidence circuit too far 
apart in time to be interpreted as being in coincidence. 
To check for this, several tests were run in which the 
resolving times of the fast coincidence circuits were 
varied and the coincidence count rates were monitored. A 
60co source was used, and the resolving times were varied 
by changing the widths of the output pulses of the 
apprnprlatG fast discriminators. Pulse widths up to 
twice those used for the experiments were tested. No 
appreciable increase in coincidence count rate was noted 
above that expected from the increase in accidental 
coincidences. 
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Another possible, though less likely, cause of 
missed coincidences is an intermittent failure of one of 
the electronic components. For example, an AND might 
fail to trigger on a coincidence event or one of the many 
other components might fail to transmit a signal. To 
check for this, several tests were run in which signals 
were fed into various parts of the system and outputs 
were monitored using scalers. No evidence of 
intermittent failure was found. 
Division by the singles correction factors should 
compensate for differences in the efficiencies of the 
Nal(Tl) detectors. However, it is still desirable to use 
detectors of approximately the same efficiency and to 
hold the singles correction factors to approximately the 
same value. Observation of the singles count rates due 
to a well-centered source indicated a spread of about 5% 
ill the efficiencies of the six NaI{Tl) detectors. Care 
was taken in setting the single channel analyzer windows 
to hold the spread in the singles correction factors down 
"tc 3*5%. 
Care was also taken to arrange shielding around the 
apparatus to reduce the background radiation and to 
remove anisctropy in the background. The experiments 
were performed within the containment shell of the Ames 
Laboratory Research Reactor, which contributed 
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significantly to the background. During the i+zce 
experiment, in which the sources were weak in comparison 
to those of the is^Ba experiment, periodic backbround 
readings were taken in which the singles counting rates 
of the Nal(Tl) detectors were measured ir. the absence of 
a source. These rates were subtracted from the singles 
counting rates in the presence of a source in determining 
the singles correction factors. 
A gamma ray scattered from one detector into another 
will be incorrectly interpreted as a coincidence event. 
Scattering between the various Nal(Tl) detectors and the 
Ge(Li) detector can produce a false correlation because 
gamma rays are more likely to be scattered into the 
Ge(Li) detector frcm Nal(Tl) detectors close to it than 
from those that are farther away, and because the gamma 
rays scattered from the different Nal (Tl) detectors will 
tend to have different energies because of the different 
scattering angles involved. The lead-cone shields of the 
Nal(Tl) detectors were designed to prevent this problem, 
and they worked quite well. The only evidence of 
scattering between detectors observed was in the 
coincidence spectra corresponding to the 180° detector 
(detector 2). Scattering at 180° cannot be completely 
eliminated ty the lead-cone shield because the scattered 
gamma ray will tend to be directed back toward the source 
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and therefore can pass through the opening in the front 
of the shield. However, 180° scattering did not present 
a problem because a backscattered gamma ray has a maximum 
energy of 255 keV while the lowest energy transition 
studied was 409 keV (in , 
In conclusion, systematic errors are not expected to 
be significant when compared to the uncertainties quoted. 
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V. RESULTS AND CONCLOSIONS 
Both nuclei studied for this report, i3*Ba and 
i42Ce, are even-even nuclei. (N=82, Z=56 for i3*Ba and 
N=84, Z=58 for ^^^ce.) Gating in each case was done on 
the respective transition from the first excited state 
(2+) to the ground state (0+), and a number of 
gamma-skip-gamma cascades as well as direct cascades 
involving these transitions were studied. 
A. i38Ba 
This nucleus presented a good opportunity to test 
the operation of the system since the spins of all of the 
states studied trere known and enough activity was 
available to obtain good counting statistics. An 
excellent review of the reasons for the spin assignments 
can be found in References 17 and 18. The spin 
assignments are shown on the decay scheme in Figure 21. 
This is a skeletal decay scheme and includes only the 
states and transitions relevant to the present report. 
The transitions that were studied in gamma-skip-gamma 
correlations are represented by dashed arrows in Figure 
21. 
The i38Ba experiment, however, was not performed 
merely to check ^he performance of the system. It was 
possible to determine mixing ratios for the 409-keV, 
85 
3^ 
4"^ -
m 
o 
o CM 
T-
00 
IT) m 
o 2446 
2308 
! + 
rO 
CD 
899 
>+ 
CD 
ro 
436 
0 
+ 
I38np, 
56^^82 
0 
Figure 21. Skeletal decay scheme of i^sga 
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547-keV, and 1009-keV transitions. The multipole mixings 
of these transitions were not previously known. 
The fit-function curves for the various cascades are 
shown in Figures 22 through 24. The curve in each graph 
is the fit function from AFIT with Aq multiplied by the 
average of the singles correction factors to give values 
that represent the actual numbers of counts accumulated. 
The data points represent counts as gated by each of the 
six Nal(Tl) detectors normalized by the singles 
correction factors. The two data points at 135® 
correspond to Nal (Tl) detectors 1 and 3. 
The measured values of the angular correlation 
coefficients of the direct cascades are plotted in Figure 
25 along with the predicted values for various initial 
spins with variation in the mixing ratio of the first 
transition. The symbols along the curves represent 
increments of 10% E2 multipole mixing, and 0% E2 
corresponds to A^=0. The points representing the 
coefficients are labeled with the energy in keV of the 
first transition of the cascade,- the second transition 
being understood as the transition from the first excited 
state to the ground state. For example, the data point 
labeled 463 corresponds to the 463-1436 cascade. 
The angular correlation coefficients obtained for 
the direct cascades (involving the 453-keV, 872-keV, and 
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1009-keV transitions) are shown in Figure 25. The 
coefficients for the 463-1436 and 872-1436 cascades are 
consistent with the calculated value for a 4-2-0 cascade 
(represented by the asterisk in Figure 25). The results 
for the 1009-1436 cascade are consistent with the 3-2-0 
spin assignment and indicate further that the 1009-keV 
transition is essentially pure Ml (less than 0.2% E2) . 
The coefficients obtained for the gamma-skip-gamma 
cascades (involving the 409-keV and the 547-keV 
transitions) are shown in Figure 26. The results for the 
409-(453)-1436 are consistent with the 4-4-2-0 spin 
sequence and indicate that the 409-keV transition is 
essentially pure Ml (less than 6% E2), and the results 
for the 547-(463)-1436 cascade are consistent with the 
3-4-2-0 spin sequence and indicate that the 547-keV 
transition is about 1% E2. 
The consistency of the measured values of the 
angular correlation coefficients with the predictions 
based on the known spins attests to the performance of 
the aiiyalar correlation apparatus. It ic instructive to 
ask at this point: Could these data be used to determine 
the spins if they were not known? While it is true that 
the results of the 463-1436 cascade and the 872-1436 
cascade are consistent with those predicted for a 4-2-0 
cascade, for example, they are also consistent with 2-2-0 
0.2 
409 547-
0.0 
3-4-2-0 
2-4-2-0 
-0,4 -0.12 0.0 
^2 
Figure 26. Gamma-skip-gamma results from i3*Ba experiment 
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and 3-2-0 cascades given the proper raultipole mixings. 
Similarly, the results of the 1009-1436 cascade are 
consistent with either a 3-2-0 cascade or a 1-2-0 
cascade. These data, alone, would not be enough to 
determine the spin of any of the three initial states of 
the direct cascades. However, if the spins of the ground 
state, the 1436-keV state, and the 1899-keV state were 
known, the spins of the 2308-keV and the 2446-keV states 
would follow directly from the gamma-skip-gamma results. 
If, on the other hand, the spin of the 1899-keV state 
were not known, but the spins of the 1436-keV state and 
the ground state were, a spin of 3 would still be the 
most likely choice for the 2446-keV state. A spin of 3 
or 4 is more likely than 1 or 2 for either the 1899-keV 
state, the 2308-keV state, or the 2446-keV state since 
none of these states has a crossover transition to the 
ground state. A number of examples will be shown in the 
discussion of the results of the i+^Ce experiment in 
which the angular correlation coefficients are used in 
conjunction with other information about the nucleuR to 
determine unknown spins. 
The results of the i3®Ba experiment are summarized 
in Table 2. 
94 
Table 2. Results from the i3*Ba experiment 
Spin Mixing 
Cascade A^ Sequence Ratio 
463-1435 0.117 
±0.015 
-0.001 
±0.017 
4-2-0 
872-1436 0.130 
±0.031 
-0.024 
±0.034 
4-2— 0 
1009-1436 -0.084 
±0.020 
-0.010 
±0.022 
3-2-0 0. 01±0 .03 
409- (463) 
-1436 
0.211 
±0.037 
0.009 
±0.040 
3-4 
-2-0 
0. 05 + 0 
-0 
.20 
.12 
547- (463) 
-1436 
-0.053 
±0.022 
0.004 
±0.025 
4~4 
-2-0 
0. 10±0 .03 
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B. i*2Ce 
A skeletal decay scheme of i+zce from Reference 19 
is shown in Figure 27. In sharp contrast to the is^Ba 
case, the spins of only three states in i+^Ce were known 
definitely before the present work. These spins are 
circled in the figure. The 0+ assignment of the ground 
state is based on the fact that this is an even-even 
nucleus. The 2+ assignment of the 641-keV state is based 
on the reaction data of Reference 20. The 3- assignment 
of the 1653-keV state is based on the reaction data of 
References 21 and 22. (See also Reference 23.) The 2+ 
assignment of the 2004-keV state is based on the reaction 
data of Reference 22. The spins of the rest of the 
states will be treated as unknown in this Lepuit aILhough 
tentative assignments have been made for most of them 
(10,19) . 
As was mentioned earlier, all transitions are 
assumed to be either El, Ml, E2, or mixed M1-E2. Higher 
order multipolarities are typically of such low 
probability that they are not expected to occur in 
competition with the transitions studied in this report. 
Measurable mixing of H2 with El is not expected to be 
found, due to the combined transition probability 
suppression of both the magnetic transition interaction 
96 
3t(2,4\ 
1,(2+) 
I  
o 
o lO 
c\J o 
"CO 
-.2 
(-L_y 
4+,(3,2,l) 
10 
CO 
_o — 
_(M_ 
't 
sf O 
.0_5£. 
"O" 
<T> 
eT 
— r~ 
0)' 
m 
'fO" (Û 
ro 
o . 
J:; mJt. 
(Si 
CO 
CM 
ID 
00 
CVJ (Û 
.<n. 
y t 
CO 
r-
m 
t i l l  
1 M i i i i i i 
2742 
2696 
2667 
2543 
2398 
2364 
2187 
2181 
2004 
1653 
1536 
1219 
CO 
©• 
641 
"'Ye 58^^84 
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and the higher multipole order for the M2 radiation. 
Spin assignments greater than 4 were not considered for 
states that had transitions to the 2*, 641-keV state 
since this would require the transitions to be of 
octupole order or higher. Further justification for 
placing an upper limit of H on the spin assignments is 
that all of the states studied are fed by beta decay from 
the 2- ground state of i+^La with log ft values of from 
7.2 to 9 (10,19,6). The log ft values also suggest that 
the states studied all have positive parity, with the 
exception of the 1653-XeV 3" state. 
The spin choices for the states having a crossover 
transition to the ground state were restricted to 2 or 
less since a spin greater than 2 would require this 
crossover transition to be of octupole order or higher in 
competition with a lower order transition to the 2+, 
641-keV state. There are six such states (2004-keV, 
2187-keV, 236U-keV, 2398-keV, 2543-keV, and 2667-keV) , 
and they are indicated by the underlined energy labels in 
Figure 27. None of the measured angular correlation 
coefficients corresponded to a 0-2-0 cascade, so 0 was 
not considered as a possible spin assignment for the 
initial state of any of the direct cascades. 
A singles gamma-ray spectrum of i+zce taken with the 
Ge(Li) detector is shown in Figure 28. ft typical singles 
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Figure 28. i+zce singles spectrum taken with the Ge(Li) detector 
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gamma-cay spectrum taken with a NaI{Tl) detector 
(detector 3) is shown in Figure 29. The contrast in 
resolution between the two types of detectors is 
apparent. However, the possibility of gating on the 
6Ul-ke7 transition is clearly favorable. The gating 
window (single channel analyzer setting) is outlined in 
the figure. 
1. Results and discussions for the direct cascades 
The fit-function curves for the various direct 
cascades are shown in Figures 30 through 35. The angular 
correlation coefficients obtained for the direct cascades 
are plotted in Figures 36 and 37. The results are 
summarized in Table 3. This table also includes the 
results for the gamma-skip-gamma correlations, which will 
be discussed later. 
a. 578-641 cascade Figure 36 shows that the 
angular correlation coefficients obtained for this 
cascade are consistent with spin assignments of 4, 3, 2, 
and 1. The spin values 1 and 2 are unlikely because of 
the absence of a crossover transition to the ground 
state. However, no clear-cut basis for spin assignment 
choice between 3 or 4 is available for this state from 
this study. A 4+ spin-parity assignment for the 1219-keV 
state is predicted by the systematics of N=84 nuclei, as 
discussed in Reference 10. 
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Figure 30. Fit-function curves from i*2Ce experiment 
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Figure 31. Fit-function curves from experiment 
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Figure 32. Fit-function curves from i+zce experiment 
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Figure 34. Fit-function curves from i*2Ce experiment 
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Table 3. Results from the i+zce experiment 
Cascade 
578-641 
Spin Mixing 
Sequence Ratio % L=2 
0.094 
±0.055 
-0.003 
± 0 . 0 6 0  
1 - 2 - 0  
2 - 2 - 0  
3-2-0 
3-2-0 
4-2-0 
0.30±0.05 8.5±2.6 
•0.20±0.08 4.4±2.7 
-0.24±0.09 6.0±3.9 
•2.48±0.60 84.3±6.2 
895-641 0.417 
±0.034 
0.089 
±0.036 
2-2-0 0. 6 1±0. 18 27 ±11 
1011-6 41 -0.023 
±0.045 
-0.049 
±0.050 
3-2-0 0. 06±0. 06 0. 7±0.75 
1363-641 0.181 
±0.044 
-0.004 
±0.047 
2-2-0 -0. 09±0. 06 1. 1±1.0 
1545-•641 -0.257 
±0.045 
-0.037 
±0.049 
1-2-0 -0. 01±0. 04 0. 1±0.1 
1723- 641 0.138 
±9.055 
-0.033 
±0.062 
1-
2-
2-0 
2-0 
0. 35±0. 05 10. 8±3.0 
1756-641 0.519 
+ 0 c OiAÎ 
-0.401 
±0.047 
1- 2-0 1. 06±0. 13 52. 6±6.2 
1901--641 -0. 133 
±0,015 
-0.055 
±0.016 
1-•2-0 0. 10±0. 01 1. 0±0.3 
20 26--641 -0.291 
±0.154 
-0.056 
±0.173 
1-
2-
2-0 
2-0 
-0. 
-0. 
05±0. 
60±0. 
15 
05 
1. 
29. 
8±1. 8 
8±6.2 
2055--641 0.455 
±0.047 
0.077 
±0.053 
2--2-0 0. ,55±0. 27 24 ±16 
2100--641 0.192 
±0.085 
-0.097 
±0.108 
1-
2-
2-0 
-2-0 
0. 
-0. 
,40±0. 
. 08±0. 
09 
,04 
14. 
1. 
2±5.3 
.8± 1.6 
3-2-0 
4-2-0 
>-2,<-0.2 >6,<83 
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Table 3. (Continued) 
Cascade 
*2 A4 
Spin 
Sequence 
Mixing 
Ratio % L=2 
962- (578) 
-641 
0.346 
±0.095 
-0.094 
±0.102 
3-4 
-2-0 
1.01+2.08 
-0.46 
51 +40 
-28 
862-{985) 
-641 
-0.029 
±0.036 
-0.004 
±0.040 
1-2 
-2-0 
0.12±0.12 1.4+4,1 
-1.4 
1160- (985) 
-641 
-0.016 
±0.043 
0.015 
±0.049 
2-2 
-2-0 
-0.49±0.30 15 +23 
-12 
1044- (101 1) 
-641 
-0.143 
±0.041 
0.057 
±0.046 
2-3 
-2-0 
0.03±0.04 <0.6 
I l l  
b. 895-641 cascade Figure 36 shows that this is 
definitely a 2-2-0 cascade, although the curve is 
slightly outside the error bars. The values quoted for 
the mixing ratio and for % 1=2 in Table 3 are based on 
and its uncertainty, as a most reasonable basis. The 
fact that the transition is not pure L=1 fixes the parity 
as positive, 
c. 1011-641 cascade The coefficients for this 
cascade are consistent with the known spin and parity of 
3- for the 1653-keV initial state with the 1011-keV 
transition teing pure El. 
d. 1363-641 cascade The angular correlation 
coefficients for this cascade are consistent with the 
spin and parity of 2+ for the 2004-keV initial state. 
They also indicate that the 1363-keV transition is less 
than about 2% E2 (based on the &2 uncertainties) . 
e. 1546-641 cascade The angular correlation 
coefficients of this cascade show that the 2187-keV state 
has a spin of 1, a spin choice of 3 being eliminated by 
the presence of an intense gamma-ray branch to the ground 
state. The 1546-keV transition is less than about 0.2% 
E2. 
f. 1723-641 cascade The presence of the 
ground-state transition from the 2364-keV state limits 
the spin assignment choices for this excited state to 
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either 1 or 2. The angular correlation coefficients 
shown in Figure 37 are no help in deciding between 1 and 
2 because the data point is almost centered between the 
1-2-0 and 2-2-0 ellipses in Figure 36. It can be said, 
however, that if the initial state has spin 1, then the 
1723-ksV transition is 8-14% E2 and the 2364-keV state 
has positive parity. If the spin is 2, the transition is 
1-5% 1=2. 
g. 1756-641 cascade The anaular correlation 
coefficients of this cascade, shown in Figure 37, are 
unambiguous in determining that the 2398-keV state has a 
spin of 1. The 1756-keV transition has an L=2 mixing of 
46-59%, so the parity of the 2397-keV state must be 
positive, in contradiction to the negative parity 
character postulated in References 10 and 19. 
h. 1901-641 cascade The angular correlation 
coefficients for this cascade are plotted in Figure 35. 
They show tentatively that the 2543-keV state has a spin 
of 1, a spin of 3 being ruled out by the presence of a 
y round-state transition. Either choice contradicts the 
suggestion of 2+ in References 10 and 19. The 1901-keV 
transition mixing is less than 1.5% E2. 
i. 2026-641 cascade The angular correlation 
coefficients for this cascade are plotted in Figure 37. 
There are only about 250-300 counts per Nal(Tl) detector 
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and the resulting error bars are large. The angular 
correlation coefficients for the 2026-641 cascade are 
consistent with 2667-keV state spins of 1 and 2, but a 
spin of 1 is definitely favored. A spin choice of 3 is 
ruled out by the presence of a transition to the ground 
state. 
j. 2055-641 cascade The angular correlation 
coefficients show that this is a 2-2-0 cascade. The 
2055-keV transition is 7-30% E2, 
k. 2100-641 cascade This cascade is based on 
about 260 counts per Nal(Tl) detector. The results are 
consistent with spins of 1, 2, 3, and 4 for the 2742-keV 
state. A spin of 1 may be ruled out, however, by the 
following argument. 
If the spin is 1, then the 2100-keV transition must 
be between 9% and 20% L=2. Thus, the state should have 
positive parity to allow for M1-E2 mixing. According to 
References 2 and 36, 19% of the gamma transitions from 
the 2742-keV state go to the 3~, 155 3-keV state while 4% 
go to the 2+, 2536-keV state and the regaining 11% go to 
the 2+, 641-keV state, A 1+ assignment for the 2742-keV 
state would require an M2 transition to the 1653-keV 
state competing with an H1-E2 transition to the 1536-keV 
state, which is highly unlikely. Therefore, the spin of 
the 2742-keV state probably is not 1. 
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With the preceding qualification, the data point 
seems to favor a spin of 3 and to indicate that the 
2100-keV transition is mixed. Thus 3+ is chosen as the 
preferred spin-parity assignment for the 2742-keV state. 
A 3+ assignment is more likely than a 4 because the 
2742-keV state de-excites directly to the 3~, 1653-lceV 
state; the 2+, 1536-keV state; and the 2+, 641-keV state; 
but not the 1219-keV state, which is probably 4+. 
2. Results and discussions for the gamma-skip-aamma 
cascades 
The fit-function curves for the gamma-skip-gamma 
cascades are shown in Figures 38 and 39. 
a. 262zi528l.;6in_çasçade The angular 
correlation coefficients obtained for this cascade are 
plotted in Figure 40. The curves in the figure are 
appro pj. id Le if the 1219 icGV state is assumed to be u-;-. Ro 
that the 578-keV transition is pure E2, Dnder this 
assumption, the 2181-keV state appears to have a spin of 
3. The multipole mixing of the 962-keV transition 
(23-90% L=2) would then require that the parity be 
positive. 
b. 862-f895\-641 cascade The angular 
correlation coefficients for this cascade and for the 
1160-(895)-641 cascade are plotted in Figure 41. The 
curves in the figure are based on the 21% quadrupole 
mixing of the 985-keV transition as determined from the 
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Figure 41. Results for 862- [895)-641 and 1160-(895)-641 cascades 
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895-641 cascade. The results for the 862-(985)-6U1 
cascade are consistent with the 1+ assignment for the 
2398-keV state, and they indicate that the 862-keV 
transition is less that 6% E2. 
c. 1160-(8951-641 cascade The coefficients for 
this cascade are consistent with the 2+ assignment for 
the 2695-keV state. They indicate that the 1160-keV 
transition is 3-39% E2. 
d. 10U4-(1011)-641 cascade The angular 
correlation coefficients for this cascade are plotted in 
Figure 42. The curves are based on the measured 
multipole mixing of the 1011-keV transition (essentially 
pure El). The 2-3-2-0 curve (consistent with the 2+ 
assignment for the 2696-keV state based on the results 
from the 1011-641 cascade) lies just outside the 
uncertainty in The results of the 1044-(1011)-641 
cascade are consistent with a pure El multipolarity 
(<0.6% M2) for the 1044-keV transition. 
The results for the gamma-skip-gamma cascades are 
summarized in Table 3. The entries in the column headed 
% L=2 refer to the guadrupole mixing of the first 
transition of the cascade. 
3. Discussion 
In this study, unique spin assignments have been 
made for six states in i+zce whose spins were previously 
0.2 
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Figure U2. Results for 1044-(1011)-641 cascade 
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unknown. Attempts at spin assignments for three of these 
states had been made previously by Larsen, Talbert, and 
McConnell (10,19) on the basis of log ft values for beta 
branches and gamma-ray intensities associated with the 
decay of i+ZLa, using data taken at the TRISTAN facility. 
According to the results of the present work, their 
assignment of 2+ for the 1536-keV state was correct, but 
their assignment of 2+ for the 2543-keV state was not. 
The present results indicate a spin of 1 for this state 
but do not indicate a parity. The 2+ assignment was 
based on an observed 1323-keV transition which the 
authors placed in the decay scheme between the 2543-keV 
state and the 1219-keV state. This transition is 
relatively weak (only about 5X as intense as the 1901-keV 
transition) and was not observed in coincidence. The 
present study casts some doubt on this placement. A 
spin-parity assignment of 1- for the 2398-keV state was 
made in References 10 and 19. The present results agree 
with the spin assignment, but the multipole mixing found 
in the 1756-6%! cascade definitely shoss that the state 
must have positive parity. 
The assignments of 3+ for the 2181-keV state, 1 for 
the 2187-keV state, and 2+ for the 2696-keV state are the 
first spin-parity assignments to be made for these 
levels. 
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In addition to the unique spin assignments made in 
this study, three spin preferences have been reported. 
They are for the 1219-keV state (also in References 10 
and 19), 1 for the 2667-keV state, and 3 for the 2742-keV 
state. The spin of the 2364-keV state has been limited 
to either 1+ or 2 by the present work. 
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